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0 Dual fiber optic gyroscope. 



© A fiber optic gyroscope incjudes a sensing coil 
formed of ordinary single rnpde fiber and a module 
including polarization maintaining optical fibers. A 
clockwise beam guided by a polarization maintaining 
fiber passes through a polarizer before being input 
to the sensing coil. The pojarization module includes 
means for providing an an unpolarized counterclock- 
wise beam to the sensing coll and means for phase 
modulating a predeterrnined polarization component. 
The module also depolarizes the cjockwise beam 
after it has traversed the sensing cpIL The clockwise 
and counterclockwise waves are both unpolarized 
when they combine in an optical coupler before 
impinging upon a detector that produces an elec- 
trical signal Indicative of changes in the interference 
pattern to indicate rotatibh of the coil. 
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DUAL RBER OPTIC GYROSCOPE 



BACKGROUND OF THE INVENTION 

This Invention relates generally to rotation sen- 
sors and particularly to fiber optic rotation sensors. 
Still more particularly, this invention relates to fiber 
optic rotation sensors Including polarization main- 
taining optical fiber. 

A fiber optic ring interferometer typically conri- 
prises a loop of fiber optic material that guides 
counter-propagating light waves. After traversirig 
the loop, the couhter-prdpagatihg waves are com- 
bined so that they cohsthictiveiy or destructively 
interfere to form an optical output signal. The inten- 
sity of the optical output signal varies as a function 
of the interference, which is dependent upon the 
relative phase of the cotihter-^propagating waves. 

Rber optic ring interferometers have proven to 
be particularly useful for rotation sensihsj. Rotation 
of the loop createis a relative phase difference 
between the counter-propagating waVes in accor- 
dance with the well known Sagnac effect The 
amount of phase difference is a function of the 
angular velocity of the loop. The optical output 
signal produced by the interference of the counter- 
propagating waves varies in intensity as a function 
of the rotation rate of the loop. Rotation sensing is 
accomplished by detecting the optical output signal 
and processing it to determine the rotation rate. 

In order to be suitable for inertial navigation 
applications, a rotation sensor must have a very 
wide dynamic range. The rotation sensor must be 
capable of detecting rotation rates as low as 0.01 
degrees per hour and as high as 1,000 degrees per 
second. The ratio of the upper limit to lower limit to 
be measured is approximately lO^.^ 

Some familiarity with polarization of light and 
propagation of light within an optical fiber will facili- 
tate an understahdirijg of the present invention. 
Therefore, a brief description of thie concepts used 
to describe the propagation and polarization of a 
light wave in a fiber will be presented. 

An optical fiber comprises a central core and a 
surrounding cladding. The refractive index of the 
cladding is greater than that of the core. The diam- 
eter of tiie core is so small that light incident upon 
the core-cladding interface remains in the core by 
internal reflections. 

It is well-known that a light wave may be repre- 
sented by a time-varying electi-omaghetic field 
comprising orthogonal electric and magnetic field 
vectors having a frequency equal to tile frequency 
of the light wave. An electromagnetic wave propa- 
gating through a guiding structure can be de- 
scribed by a set of nonmal modes. The normal 



modes are the permissible distributions of the elec- 
tric and magnetic fields within the guiding struc- 
ture, for example, a fiber optic waveguide. The field 
distributions are directiy related to the distribution 
s of energy within the stiiicture. the normal modes 
are generally represented by mathematical func- 
tions tfiat describe the field 'components in the 
wave in terms of the frequency and spatial distribu- 
tibri in tiie guiding structure. The specific functions 

70 ttiat describe the nomial modes of a waveguide 
depend upon the geometry of the waveguide. For 
an optical fiber, where tiie guided wave is confined 
to a stnjcture having a circular cross section of 
fixed dimensions, only fields having certain fre- 

75 quencies and spatial distributions will propagate 
without severe attenuation. The waves having field 
components tiiat propagate witii low attenuation are 
called normal modes. A single mode fiber will 
propagate only one spatial distribution of energy, 

so that is, one normal mode, for a signal of a given 
frequency. 

In describing the normal modes, It is conve- 
nient to refer to the direction of the electric and 
magnetic fields relative to the direbtioh of propaga- 
25 tion of the wave. If only the electric field vector is 
perpendicular to the . direction of propagation, which 
is usually called the. optic axis, tiien tiie wave is a 
transvefse electric (TE) mode, if only the magnetic 
field vector Is perpendicular to to the optic axis, tiie 
30 wave is a transverse magnetic (TM) mode. If both 
. the^ vectors are per- 

' ^ pehdicular to the optic axis, then the wave is a 
frah^ver^e electrbrhaghetic (TEM) rhode, 

^9^^ °^ norrhal. modes require a definite 
35 directibn of the field components; and in a TE 
mode. f6r exaniipie, the electric field may be in any 
direction that is perpendicular to the optic axis. The 
direction of tite electric field vector in an elec- 
tromagnetic wave is the polarization of tiie wave. In 
40 general, a wave will have random polarization in 
which there is a uriiform distribution of electric field 
vectors pointing in ali directions permissible for a 
given mode. If all the electric field vectors in a 
wave point in only a particular direction, the wave 
45 Is linearly polarized. If the electric field consists of 
two orthogonal electric field components of equal 
magnitude phase shifted by 90 degrees from each 
otiier, the electric field is circulariy polarized, be- 
cause the net electric field is a vector that rotates 
50 around the propagation direction at an angulah ve- 
locity equal to the frequency of the wave. If the two 
Bnear polarizations are unequal or phased other 
than 90 degrees from each other, the wave has 
elliptical polarization. In general, any arbitrary po- 
larization can be represented by the sum of two 
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orthogonal linear polarizations, two oppositely di- 
rected circular polarizations or two counter rotating 
elliptical polarizations that have orthogonal major 
axes. 

The boundary between the core and cladding 
Is a dielectric Interface at which certain well-known 
boundary conditions on the field components must 
be satisfied. For example, the component of the 
electric field parallel to the interface must be con- 
tinuous. A single mode optical fiber propagates 
electromagnetic , energy having an electric field 
component perpendicular to the core-cladding In- 
terface. Since the fiber core has an index of refrac- 
tion greater than tiiat of tiie cladding • and light 
impinges upon the interface at angles greater than 
or equal to the critical angle, essentially all of the 
electric field remains In the core by internal reflec- 
tion at the interface. To satisfy botii the continuity 
and internal reflection requirements, tiie radial elec- 
tric field component in the cladding must be a 
rapidly decaying exponential function. An exponen- 
tially decaying electric field is usually called the 
evanescent field. 

The velocity of an optical signal depends upon 
the index of refi^action of the medium tfirough 
which the light propagates. Certain materials have 
different refractive indices for different polariza- 
tions, A material that has two refractive indices is 
said to be birefringent The polarization of tiie sig- 
nal propagating along a single mode optical fiber Is 
sometimes referred to as a mode. A standard sin- 
gle mode optical fiber may be regarded as a two 
mode fiber because it will propagate two waves of 
tfie same frequency and spatial distribution tiiat 
have two different polarizations. Two different po- 
larization components of the same nonmal mode 
can propagate through a birefringent material un- 
changed except for a velocity difference between 
the two polarizations. 

Circular birefringence, linear birefringence, and 
elliptical birefringence are each described with ref- 
erence to different polarization modes. If a material 
exhibits circular birefringence, the polarization of a 
light wave is expressed as a combination of two 
counter^rptating components. One of the circular 
polarizations is referred to as "right-hand circular" 
while the other is refenred to as "left-hand circular". 
In a non-birefiingent material both right hand and 
left hand, circular polarizations travel at the same 
velocity. The counterrotating electric field vectors 
of the circularly polarized components of tiie light 
represent the polarization modes for circular 
birefringence. If the light is lineariy polarized, the 
circular polarization vectors are in phase with one 
another and are of equal amplitude. If the light is 
elliptically polarized, the circular polarization vec- 
tors are of unequal amplitudes or phase. In general, 



elliptically polarized light may haye varying de- 
grees of ellipticity; and tiie polarization may range 
from lineariy polarized at one extreme to circularly 
polarized at the other extreme. 
5 In a circulariy birefringent material, the velocity 

of propagation of one circular pplarization vector is 
greater than the velocity of propagation of the 
counterrotating polarization yector. Similarly, in a 
material that Is lineariy birefringent, the propagation 
10 velocity pf the light in one of the linearly polarized 
modes is greater than the propagation velocity of 
the light In the other nonrnal lineariy polarized 
mode. Elliptical birefringence results when both 
linear birefringence and circular birefringence exist 
76 at a point In a materia! ttirough which the light wave 
Is propagating. The elliptical birefringence affects 
' the polarization of light Iri a complex manner which 
depends, in part, upon tiie relative magnitudes of 
the- linear birefringence and the circular birefrin- 
20 gence. 

In summary, any polarized light can be repre- 
sented by two circularly pplarized waves having 
proper phase and ampiltude; two elliptically rotating 
components or two perpendicular lineariy polarized 
26 electric field components. 

It is well known that to minimize errors in many 
fiber optic systems it may be desirable to have 
light of a l(nqwn polarization state at selected 
points for input to optical devices whose operation 
30 is polarization dependent. Trie state of polarization 
Is particularly important in some optical fiber rota- 
tion sensors. In a fiber rotation sensing system that 
uses polarized light drift errors due to changes in 
polarization ^e detemnined by the quality of the 
35 polarizer. 

A linear polarization state in a fiber optic rota- 
tion sensor is typically achieved with sorne type of 
linear polarizer such as the fiber optic polarizer 
described In U.S. Patent No. 4.386.822 to Bergh. 
40 The polarization state Input to the polarizer Is ar- 
bitrary in general. The polarizer couples iight of 
undesired polarizations out of the fiber and permits 
light having only a selected desired polarization to 
propagate through the fiber. Bergh discloses a fiber 
45 optic polarizer including a lengtii of optical fitier 
mounted in a curved gropye in a quartz substrate. 
The substrate and a portion of the optical fiber are 
ground and polished to remoye a portion of the 
cladding from the fiber to form an interaction re- 
50 gion. The portion of the . fiber in the groove Is 
convexly curved as viewed toward the polished 
surface. The birefringent crystal mounted on the 
substrate over the Interaction region in cipse prox- 
imity to the core of the fiber optic material. The 
55 crystal is positioned to partially intersect the path 
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of light propagating in the optical fiber so that 
evanescent field coupling couples light of undesir- 
ed polarizations from the optical fiber into the crv- 
staJ. 

Bias error is the primary source of error in 
using fiber optic Sagnac rings as rotation sensors. 
The bias of a rotation sensor is the signal output 
when there is no signal input. If the bias is con- 
stant, then it may be subtracted from the output 
signal when there is a signal input to determine the 
response of the rotation sensor to the input signal. 
However, the bias does hot remain constant over 
time and temperature variations. 

the prindpaJ source of bias error in fiber gy- 
roscopes results from ah Imperfect poiarizer and 
polairization cross coupling in the fiber. An ideal 
poiarizer should have ah infinite extinction ratio. 
The extinction ratio of a polarizer is tiie i-atio of the 
Intensity of the liridesired polarization In the output 
signal to Its intensity in the input signal. This en-or 
source was first identified by Kintner, Opt Lett., 
Vol. 20. No. 6, p. 164 (1981). Polarization instability 
manifests Itself in bpticai iriterferometric systems in 
a niahneir analogous to signal fading in classical 
communications systems. 

i=iber optic gyroscopes operating with polarized 
light require polarizers having extinction ratios in 
excess of 100 dB to keep bias en-ors below 0.01 
deg/hr. Previous fiber optic gyroscopes using un- 
polarized light require extinction ratios in the 60- 
100 dB range and require the lise of high quaOty 
polarization maintaining (PM) fiber throughout the 
gyroscope. Benefits of using PM fiber in fiber optic 
gyroscopes are reduced polarizer extinction ration 
requirements and reduced bias error due to the 
Faraday effect It is also unnecessary to use active 
polarization control when PhA fiber is used to fonri 
the gyroscope. However. PM fiber is so expensive 
that it is Impractical to use it throughout a fiber 
optic gyroscope. 



SUMMARY OF THE INVENTION 

The present invention overcomes both the dif- 
ficulties of signal fading in fiber optic rotation sen- 
sors and the cost of using polarization maintaining 
fiber throughout a rotation sensor. This invention 
Includes a polarization maintaining module which 
reduces polarizer extinction ratio requirements and 
eliminates the necessity of using active polarization 
control. The dual fiber gyroscope according to the 
invention further includes a sensing coil formed of 
ordinary single rhode fiber, which is much less 
expensive than tfie polarization maintaining fiber 
used in the module. 



A Sagnac ring rotation sensor according to the 
invention includes ah optical signal source and a 
polarization maintaining module arranged to receive 
signals from the optical signal source. In a first 
embodiment the invention provides unpolarized 
clockwise (CW) and cduntercloclcwise (CCW) 
beams to the sensing coil. In a second embodi- 
ment the polarization rriaintairiing moduli includes 
means for providing a first polarized optical beam 
' and a second unpolarized beam to a Sagnac ring. 
The first and second beams may be designated as 
CW and CCW, respectively. The sensor also in- 
cludes means for modulating a predeterrhined po- 
larization component of each bearh: A coil of non- 
polarization maintaining optical fiber forining the 
Sagnac ring guides the polarized CW beam and 
the unpolarized CCW beam ai-ound a closed path 
:so that rotations of tiie sensing coil change the 
interference pattern between the beams. A detector 
produces an electrical signal indicative of changes 
in the interference pattern to indicate rotation of ttie 
coil. 

A Sagnac ring rotation sensor according to the 
invention may also comprise a length of a first 
polarization maintaining optical fiber having a pair 
of principal axes. The rotation sensor may further 
include means for providing ^ri optical signal to the 
, first polarization maintaining optical fiber; The op- 
tical signal has a first finear polarization component 
30 parallel to. one of the principal axes of the first 
polarization maintaining optical fiber and a second 
linear polarization component parallel to the otiier 
principle axis. A first polarizer passes light po- 
larized along a polarization axis oriented at a 45«» 
35 angle to the principal axes of the first polarization 
maintaining optical fiber arid attenuates other po- 
larizations: . 

An optical coupler couples bpticai signals be- 
tween the first polarization maihtalhihg optical fiber 
40 and a length of a second pdlarizatidri maintaining 
fiber. The second polarization maihtairiirig fiber has 
principal axes that are parallel to the principal axes 
of the first polarization maintaining optical fiber. 
Light coupled into the second pdlarizatiori maintain- 
45. ing fiber forms a counterclockwise beam arid light 
remaining in first polarization nfiaintainihg " optical 
fibre fomis a clockwise beam. A third length of 
. -polarization maintaining optical fiber; is cortnected 
between an optical waveguide arid the sensing coil. 
50 The optical waveguide is positioned to guide sig- 
nals between the second polarization maintaining 
fibers and the third polarization maintaining fiber. 
The optical waveguide has principal axes oriented 
at an angle of 45 " to tiie principal axes of the 
55 second and tiiird polarization maintaining fibers. 
The phase of light of a predeterrhined polarization 
in the optical waveguide is modulated by a phase 
modulator placed between a pair of polarizers. The 
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polarizers make the polarizations of the clockwise 
and counterclockwise beams in the optical 
waveguide have the predetermined polarization be- 
fore they reach the phase modulator. The optical 
waveguide Is preferably, fornried In a substrate of 
lithium niobate and the phase modulator electrodes 
and adjacent polarizers are preferably positioned 
over the optical waveguide with the phase modula- 
tor between the polarizers. 

The method of the invention for forming a 
Sagnac ring rotation sensor comprises the steps of 
Introducing signals from the optical signal source 
into a polarizatipn maintaining nriodule and produc- 
ing unpolarized clockwise iand counterclockwise 
beams and an unpolarized counterclockwise beam 
output from the polarizatipn maintaining module. 
The method further includes modulating a pre- 
determfned polarization component of light in the 
polarization maintaining module and connecting a 
coll of non-polarization maintj^ining optical fiber to 
the polarization maintajnihg rnodule to receive the 
unpolarized optical clockwise beam and the un- 
polarized counterclockwise beam. 

The metfiod may further include the steps of 
forming the polarization maintaining module to in- 
clude ^ length of a first polarization maintaining 
optical fiber having a pair of principal axes and 
providing an optical signal to the first polarization 
maintaining optical fiber. The optical signal has a 
first linear polarization cornponent parallei to one of 
the principal axes of the first polarization maintain- 
ing optical fiber and a second linear polarization 
component parallel to the other principle ^s. The 
mettiod may also include placing a first polarizer 
that passes light polarized along a first polarizatipn 
axis and attenuates other polarizations adjacent tine 
first length of polarizatipn maintaining optical fiber 
with the first polarization axis oriented at a 45» 
angle to the principal axes of the first polarization 
maintaining optical fiber. 

The method also includes coupling optical sig- 
rials between the first polarization maintaining op- 
tical fiber and a length of a second polarization 
maintaining fiber. The second polarization maintain- 
ing fiber has principal axes that are parallel to the 
principal axes of the first polarizatipn maintaining 
optical fiber. Light coupled into the second po- 
larization maintaining fiber forms a counterclock- 
wise beam and light remaining in first polarization 
maintaining optical fiber forms a clockwise iDeam in 
tile sensing coil. The method further include cou- 
pling signals fi-om the second polarizatipn maintain- 
ing fiber into an optical waveguide having principal 
axes oriented at an angle pf 45 • to the principal 
axes of the second and third polarization maintain- 
ing fiber. Signals are coupled from the optical 



waveguide into a tiiird length of polarization main- 
taining optical fiber. The method further includes 
modulating the phase of light having a predeter- 
nriined polarization in the optical waveguide. 

5 The method further includes polarizing the 

counterclockwise beam in the optical waveguide 
such ttiat signals incident upon the phase modula- 
tor from the second polarization maintaining fiber 
have the predetenmined polarization; connecting a 

10 loop of optical fiber between the optica! waveguide 
and the first polarization maintaining optical fiber to 
provide a sensing coll for the clockwise beam and 
the counterclockwise beam; and polarizing the 
counterclockwise beam in the optical waveguide 

76 such that signals incident upon the phase modula- 
tor from the sensing coil have the predetenmined 
polarization. 



20 BRIEF DESCRIPTION OF THE DRAWINGS 

Rgure 1 schematically illusfrates the dual 
fiber optic gyroscope of tiie present Invention; 

Rgure 2 is a cross sectional view of an 
25 optical coupler tfiat may be included In the dual 
fib^r optic gyroscope of Rgure 1 ; 

Rgure 3 is a cross sectional view about line 
3-3 of Rgure 2; 

Rgure 4 is a perspective view showing an 
30 oval surface on a fxjrtion of an optical fiber in- 
cluded in the fiber optic evanescent field coupler of 
Rgures 2 and 3; 

Rgure 5 is an exploded plan view of a 
substrate tiiat may be included in tiie fiber optic 
35 couplers of Rgures 2-4; 

Rgure 6 is an exploded end view of the 
substrate of Rgure 5; 

Rgure 7 is a cut away perspective view of 
the substrate of Rgures 5 and 6; 
40 Rgures SArBE show formation of an optical 

waveguide in a substrate; 

Rgure 9 is a cross sectional view showing a 
phase modulator fomned on a substoate included in 
the dual fiber optic gyroscope of Rgure 1 ; 
45 Rgure 10 is a cross sectional view showing 

a polarizer formed on a substrate included in the 
dual fiber optic gyroscope of Rgure 1; 

Rgure 11 is a cross sectional view showing 
a second type of polarizer that may be included in 
50 the dual fiber optic gyroscope of Rgure 1; 

Rgure 12 is a cross sectional view of the 
polarizer of Rgure 1 1 showing an optical fiber in a 
grooved substrate with a birefringent crystal adja- 
cent the fiber; 

55 Rgure 13 Illustrates a reflectionless splice 

formed between two optical fibers; 
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Rgure 14 illustrates the polarization of the 
optical signals and the principle axis at points A-F 
of Rgure 1 ; 

Rgure 15 is a cross sectional view of a 
polarization maintaining optical fiber; and 

Rgure 16 illustrates a stack of layers of two 
dielectrics having different thicknesses and differ- 
ent refractive indices. 



DESCRIPTION OF THE PREFERRED EMBODI- 
MENT 

Referring to Rgure 1, a dual fiber optic gyro- 
scope 20 includes a light source 22, which is 
preferably a superiuminescent diode (SLD) that 
emits coherent light The optical output of the light 
source 22 is input to a PM optical fiber 24 at point 
A. The optical fiber 24 is preferably a single mode 
optical fiber. Ught input to the fiber 24 then propa- 
gates to an optical coupler 28 located at point B in 
Rgure 1. The coupler 28 couples a portion of the 
optical signal incident thereon Into a PM optical 
fiber 29. Light remaining in the fiber 24 is incident 
upon a linear polarizer 30 located at point C. 

After traversing the polarizer 30, light In the 
fiber 24 then reaches a second optical coupler 32 
at point D. The optical coupler couples a first 
portion of the light into a PM optical fiber 34. The 
light coupled into the fiber 34 forms the coun- 
terclockwise beam for the dual fiber optic gyro- 
scope 20. Light that remains in the fiber 24 forms 
the clockwise beam for the dual fiber optic gyro- 
scope 20. 

The fiber 34 guides the counterclockwise beam 
to module 35. The module 35 includes a substrate 
36 that preferably comprises a lithium niobate chip. 
An integrated optics waveguide 34 shown in Rg- 
ures 1. 9 and 10 and is coupled to the fiber 34 at 
point E to transmit optical signals therebetween. A 
phase modulator 42 Is fonmed on = the lithium 
niobate chip 38 between a pair of polarizers 44 and 
46. At point F of Rgure 1. a length of PM fiber 48 
is mounted adjacent the integrated optics 
waveguide 38. 

A sensing coil 49 has an end 49A connected to 
the fiber 34 at point G and an end 49B connected 
to the PM fiber 48 at point H. The sensing coil 
preferably Includes about 1 km of single mode 
optical fiber; The connections at point G and H are 
preferably reflectionless splices. 

Refen-ing to Rgure 13, a reflectionless splice 
may be formed by polishing the fiber ends to be 
joined at angles so that the splice is not per- 
pendicular to the fibers. The angle between the 
splice and the fibers is selected so that light re- 



flected from the splice strikes the core-cladding 
boundary at an angle less than the critical angle. 
Reflected light then exits the fiber and presents no 
source of error in measurements of rotation rate. 

Before describing the method of operation of 
the dual fiber gyroscope 20. description of the 
components included in it are presented. 



10 Optical Couplers 

Both of the optical couplers 28 and 32 may be 
of substantially identical structure: therefore, the 
following description of the optical coupler 28 is 
ts applicabie to all optical couplers, included in the 
dual fibel- optic gyroscope system 20 when the 
optical fibers 24, 29, and 34 are single mode fibers. 
For muitimode fiber ifnplementati^^^^ the dual 
fiber optic gyroscope 20/ suitable multimode cou- 
20 piers (not shown) are well-known in the art. 

A tVpe of muitirtiode coupler suitable for for- 
mihg the sensor in mijltimbde applications de- 
scribed in U.S. patent application 816,881 by John 
J. Ring. That application is assigned to Litton Sys- 
25 terns, Inc.. assignee of the present invention. 

A fiber optic directional coupler suitable for use 
in siiigie mode appficatiohs as the couplers 28 and 
^P^^i ^ described in the March 29. 1580 
issiie of Electronics Letters . Vol. 28. No. 28. pp. 
.?®°*^.^V3.n^ U.S. Patent 4.493.528 issued Janu- 
ary 15. 1985 to Shaw ef a/. That patent is assigned 
to the Board of Tnisteiss of the Leiaqd Stanford 
Junior University. 

As illustrated in Rgufes 2-4. the , coupler 28 
^5 includes the optical fiber^ 24 and 29 of Rgure 1 
. *n a pair of substrates 50 and 52. respec- 

' tiveiy. The fiber 24 Is mountied in a curved groove 
54 formed in ah optically flat surface., 58 of the 
substrate 50. Simiiarly, the fiber 29 is mounted in a 
40 curved groove 56 formed in ah optically flat surface 
60 of the substrate 52. the substrate 50 and fiber 
24 mounted therein cbrnprise a coupler half 62, 
and the substrate 52 and fiber 2^. mounted therein 
comprise a coupler half 64. 
45 The curved grooves 54 and 56. each have a 

radius of curvature that is large compared to the 
aiameters of the fibers 24 and 29, which are or- 
dinarily substantially identical. The widths of the 
grooves 54 and 56 are slightly larger than the fiber 
50 diameters to pemhit the fibers 24 and 29 to con- 
fomn to the paths defined by the bottom walls of 
the grooves 54 and 56. respectively. The depths of 
the grooves 54 anB 56 vary from a minimum at the 
center of the substrates 50 and 52. respectively, to 
55 a maximum at the edges of the substrates 50 and 
52. The variation in groove depth pennits the op- 
tical fibers 24 and 29. when mounted in the 
grooves 54 and 56. respectively, to gradually con- 
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verge toward the centers and diverge toward the 
edges of the substrates 50 and 52, respectively. 
The gradual curvature of the fibers 24 and 29 
prevents the occurrence of sharp bends or other 
abrupt changes In direction of the fibers 24 and 29 
to avoid power loss through mode perturbation. 
The grooves 54 and 56 may be rectangular in 
cross section; however, other cross sectional con- 
figurations such as U-shaped or V-shaped may be 
used in forming the coupler 28. 

Refen^ing to Rgurefs 2-4, at the centers of the 
siibstrates 50 and 52. the depths of the grooves 54 
and 56 are less than the diameters of the fibers 24 
and 29. At the edges of the substrates 50 and 52. 
the depths of the grooves 54 and 56 are preferably 
at least as great as the fiber diameters, Fiber optic 
material is removed from each of the fibers 24 and 
29 by any suitable method, such as lapping, to 
form oval-shaped planar surfaces 58 and 60 in the 
fibers 24 and 29 that are coplanar with the con- 
fronting surfaces 58 and 60 of the substrates 50 
and 52: The ovai surfaces are ju)ctaposed in facing 
relationship to fonm an interaction region 66 where 
the evanescent field of light propagated by each of 
the fibers 24 and 29 interacts with the ottier fiber. 
The amount of fiber optic material rennoved in- 
creases gradually frprn zero near the edges of the 
substrates 50 and 52 to a maximum amount at 
their centers. As shown in Figures 2 and 3 the 
tajaered removal of fiber optic material enables the 
fibers 24 and 29 to converge and diverge gradu- 
ally, which is advantageous for avoiding backward 
reflection and excessive loss of light energy at the 
interaction region 66. 

Light is transferred between the fibers 24 and 
29 by evanescent field coupling at the Iriteraction 
region 66, The optical fiber 24 comprises ^ central 
core 68 and a sunrounding cladding 70. The fiber 
29 has a core 72 and a cladding 74 that are 
substantially identical to the core 68 and cladding 
70. respectively. The core 68 has a refractive index 
that is greater than that of the cladding 70. and the 
diameter of tlie core 68 is such that light propagat- 
ing within the core 68 intemally reflects at the core- 
cladding interface. Most of the optical energy guid- 
ed by the optical fiber 24 is confined to its core 68. 
However, solution of the wave equations for the 
fiber 68 and applying the well-known boundary 
conditions shows that the energy distribution, al- 
though primarily in the core 68. Includes a portipri 
that extends Into the cladding and decays ex- 
ponentially as the radius from the center of the 
fiber increases. The exponentially defcaylng portion 
of the energy distribution within the fiber 68 is 
generally called the evanescent field. If the evanes- 



cent field of the optical energy initially propagated 
by the fiber 24 extends a sufficient distance into 
the fiber 29, energy will couple from the fiber 24 
into the fiber 29. 
6 It has been found that to ensure proper eva- 

nescent field coupling, the amount of material re- 
moved from the fibers 24 and 29 must be carefully 
controlled so that the spacing between the cores of 
the fibers 24 and 29 is within a predetenmined 
70 critical zone. The evanescent field extends a short 
distance into the cladding and decreases rapidly in 
magnitude with distance outside the fiber core. 
Thus, sufficient fiber optic material should be re- 
moved to permit overlap between the evanescent 
76 fields of waves propagated by the two fibers 24 
and 29, If too little material is removed, the cores 
will not be sufficiently close to permit the evanes- 
cent fields to cause the desired interaction of the 
guided waves; and therefore, insufficient coupling 
20 will result. 

Removal of too much material alters the propa- 
gation characteristics of the fibers, resulting in loss 
of light energy from the fibers due to mode per- 
turbation. However, when the spacing between the 
26 cores of the fibers 24 and 29 is within the criticaJ 
zone, each fiber 24 and 29 receives a significant 
pprtiori of the evanescent field energy from the 
other to achieve good coupling vwthout significant 
. , energy k)ss. The critical zone includes the region 
30 In which the evanescent fields of the fibers 24 and 
. 29 overlap sufficiently to provide good evanescent 
field coupling with each core being witiiin the eva- 
nescerit field of light guided by the other core. It is 
believed that for weakly guided modes, such as the 
35 HE11 mode guided by single mode fibers, mode 
perturbation occurs when the fiber core is exposed. 
Therefore, the critical zone Is the core spacing that 
causes the evanescent fields to overlap sufficientiy 
to cause coupling without causing substantial mode 
40 perturbation induced power loss. 

The extent of the critical zone for a particular 
coupler depends upon a number of factors, such 
as the parameters of the fibers and the geometry 
of the coupler. The critical zone may be quite 
46 nanrow for a single mode filler having a step index 
profile. The center-to-center spacing of the fibers 
24 and 29 is typically less than two to three core 
diameters. . 

The coupler 28 of Rgure 1 includes four ports 
60 labeled 28A, 28B. 28C and 28D. Ports 28A and 
28B, which are on the left and right sides, respec- 
tively, of the coupler 28 con-espond to ttie fiber 24. 
The ports 28C and 28D similarly con-espond to the 
fiber 29. For purposes of explanation, it is assumed 
55 that an optical signal input is applied to port 28A 
through the fiber 24, The signal passes through tiie 
coupler 28 and is output at either one or both of 
ports 288 or 28D depending upon ttie amount of 
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coupling between the fibers 24 and 29. The 
"coupling constant" is defined as the ratio of the 
coupled power to the total output power. In the 
above example, the couplmg constant is the ratio of 
the power output at port 28D divided by the sum of s 
the power output at the ports 28B and 28D. This 
ratio is sometimes called the "coupling efficiency", 
which is typically expressed as a percent. There- 
fore, when the term "coupling constant" is used 
herein, it should be understood that the cbrre- 70 
spending coupling efficiency is equal to the cou- 
pling constant times 100; 

TTie coupler 28 may be tuned to adjust the 
coupling constant to any desired value between 
zero and 1.0 by offsetting the confronting surfabes is 
of the fibers 24 and 29 to control the dimensions of 
the region of overlap of the evanescent fields. 
Tuning may be accomplished by slidirig the sub- 
strates 50 and 52 laterally or longitudinally relative 
to one another 

The coupler 28 is highly directional, with sub- 
stantially all of the power applied at one side there- 
of being output at the ports bri the dtrter side. 
Substantially all of the light applied as an input to 
either ports 28A or 28C is delivered to ports 28B 
and 28D without appreciable contfa-directldnal cou- 
pling. The directional characteristic is symmetrical 
rn that some light applied to either jaorts 'SSB or 
28D is delivered to ports 28A and 28B. The coupler 
28 is essentially non^Kscriminatdry with i-espect to 
polarizations and preserves the^ poIarizatidH of light 
input thereto. i 

Ught that is cross-coupled frbnri one of the 
fibers 24 and 29 to the other undergoes a phase 
shift of ir/2. but light that passes straight through 
the coupler 28 without being cross-coupled is not 
shifted in phase. For example, if the coupler 28 has 
a coupling constant of 0.6. and an optical signal is 
Input to port 28Ai then the outpluts at ports 28B and 
28D will be of equal majgnitude- biit the output at 
port 280 will be shifted in phase by v/2 relative to 
the output at port 28B. 
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The Substrates 50 and 52 

The substrates 50 and 52 may be fabricated of 
any suitably rigid material. In one preferred em- 
bodiment the substrates 50 and 52 comprise gen- 
erally rectangular blocks of fused quartz glass ap- 
proximately 2,5 cm longi 2.5 cm wide and 1.0 cm 
thick. The fibers 24 and 29 may be secured in the 
curved grooves 54 and 56 by a suitable cement 
(not shown) such as epoxy resin. The fused quartz 
substrates 50 and 52 advantageously have a coeffi- 55 
dent of thermal expansion similar to that of the 
fibers 24 and 29. which is important In maintaining 
predetermined coupling characteristics if the sub- 



strates 50 and 52 and the fibers 24 and 29 are 
subjected to arty heat treatment during manufac- 
ture or use. For some applications the coupler 28 
may comprise only the two fibers 24 and 29 with 
the two oval regions being fused or bonded to- 
gether without being i^tained in the substrates 50 
arid 52. 

Referring to Rgures 3-7. the substrate 52 may 
be fornied from a jaair of side laminates 53 and 55 
and a center laminate 57. The side laminates 53 
and 55 are preferably formed as rectangular paral- 
lelepipeds, the center laminate 57 may be formed 
from a i^ectanOular paralielipiped; however, an edge 
76 of the center laminate 57 is machined to form a 
convex cuh/e. The center laminate 57 preferably 
has a length of about 0.400 inches and a width of 
about 0.05 inches, the maximum height of the 
center laminate 57 is preferably , about 0.045 
inches, the side laminates 53 and 55 are substan- 
tially identicail to one another. For example, the 
side laminate 53 is preferably about 6.400 inches 
long, aboiit 0.040 inches tfiick and slightly higher 
than the 0.045 inch height of the center laminate. It 
has been found that a height of 0.050 inch is 
satisfactory for the side lanriinates 53 and 55. 

the coupfer is fomied by placing the center 
laminate 57 between tiie two side laminates 53 and 
55. The lanriiriates 53, 55 and 57 are lined up 
length-wise so that the tw6 larger flat surfaces of 
, ^?"^®t'^'nate 57 are held between two of the 
larger redahguiair surfaces of the side laminates 53 
anci 67. Referring td the figure 7. the center lami- 
nate 57 is positioned substantially entirely upon the 
side laminate 53 so that, a portion of the side 
laminate 53 extends beyond the curved edge 76 of 
me center 1^^^^ 55 is 

placed on the center laminate 57 to be symmetrical 
with the side laminate 53. Since the height of the 
center laminates is, about 0,005 Inches greater than 
; the 0.045 inch height of the. center laminate, a 
convex groove is forriied between the side lami- 
nates 53 and 55. 

the three laminates 53. 55 and 57 are posi- 
tioned together to fomi the groove 56 and are then 
claniped tightly together by any conventional 
clamping means. After the fiber 24 is placed in the 
groove 56. tension is applied to . the fiber so that it 
conforms td the curvature of the curved groove 56. 
The lamihateis 53. 55 and 57 and fiber 24 are then 
bonded together. 

The bonding process to form the coupler 
halves may simply involve applying a suitable ad- 
hesive to the coupler halves in a one-step bonding 
process, the surfaces 73 and 75 on the laminates 
53 and 55. respectively are then lapped until a 
desired amount of the fiber 24 has been removed 
to form the interaction region. 
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Optical couplers are formed by bonding two 
coupler halves together with the planar portions of 
the fibers facing one another. The coupler halves 
may then be bonded together as described above 
by application of a suitable adhesive to the sub- 
strates while they are clamped together. However, 
a laser fusion method for bonding the fibers 24 and 
29 together may produce higher quality couplers 
for some applications than adhesive bonding. 

The coupler 28 may be fomied to have a 
desired coupling constant One method for assur- 
ing achievement of a desired coupling constant 
includes \he step of inputting an optical signal from 
a laser (not shown) into an end of the fiber 24. The 
intensities of the optical signals emanating from the 
fibers 24 and 29 after the Input beam has impinged 
upon the interaction region 66 are monitored using 
suitable photodetectors (not shown) while the sub- 
strates are manipulated to achieve a desired cou- 
pling efficiency. The amount of coupling may be 
varied by moving the substrates to adjust the 
amount of overlap of the planar fiber surfaces. 

After the fibers 24 and 29 have been posi- 

' tioned to provide the desired coupling constant, 
energy is applied to their interface: The energy 
source is preferably a CO2 laser (not shown), and it 
should produce an output beam that will heat the 
fibers 24 and 29 to a temperature near the glass 
transitiorv temperature. The energy source may 
also be an ultrasonic wave generator, an induction 
heating source or other suitable device for provid- 
ing the desired amount of heat to the fibers 24 and 

29. 

The transition temperature is below the melting 
point of the glass fi-om which the fibers 24 and 29 
are formed. The transition temperature depends 
upon the materials comprising the fibers 24 and 29. 
Most optical fiber is formed from silicon dioxide 
with a dopant such as germanium dioxide or boron 
added thereto to cbhtirol the refractive index. Such 
fibers typically have transition temperatures In the 
range of 1220 *C to 1200 "C. The transition tem- 
perature should be detenmined experimentally for 
the fibers to be joined, and the energy output fi-om 
tiie laser 98 should be controlled to assure that the 
temperature in the bonded region does not exceed 
the transition temperature. The transition tempera- 
ture of an optical fiber is attained when the fiber 
begins to soften as the temperature increases. 

Applying the output of the laser over the junc- 
ture of the fibers 24 and 29 fuses them together. It • 
has been found that the above described method 
results In a bonded region having the same phys- 
ical structure and the same optical characteristics 
as the material comprising fibers 24 and 29. Ac- 
cordingly, local inregularities in the refractive in- 
dices are avoided, with the resultant interaction 
region 66 of the joined region having well behaved 



refractive indices throughout as expected for a mo- 
lecularly consistent material. The step of coupling 
light from the fibers 24 and 29 while they are 
lapped permits sufficient control of the lapping 
depth fabrication to fomn the coupler 28 to have a 
predetermined coupling efficiency. 



The Waveguide 38 

10 

Figures 8A-8E Illustrate formation of the optical 
waveguide 38 in the substrate 36. Initially the sub- 
sti^ate 36 is covered with a photoresist layer 120. A 
glass photomask plate 121 is placed on the 

16 photoresist layer 120. The plate 121 is prepared by 
using standard photoreduction techniques to gen- 
erate a desired pattern on which portions 122 and 
124 ^re opaque and spaced apart to leave an 
elongate rectangular portion 126. The arrows in 

20 Rgure 8A indicate ulti-ayiolet (UV) light impinging 
upqn the glass plate 121 and the exposed portion 
126 of the phptpreslst layer 120. The portions 122 
and 124 are opaque to the UV light so that the UV 
light affects only the exposed portion 126 of tiie 

25 photoresist layer 120. Refening to Figure 8B, plac- 
ing the photoresist portion 126 in a suitable devel- 
oper leaves attjached to the substrate 12 only a pair 
of photoresist portions 127 and 128, which were 
immediately subjacent to the glass plates 122 and 

30 124. respectively. 

Referring to Rgure 8C. a titanium layer 130 is 
formed on tfie subsh-ate 36 where the photoresist 
portion 126 was removed therefrom. The titanium 
layer 130 may be formed by any suitable method. 

36 suqh as evaporation, for fprrning a thin metallic 
film. The remaining photoresist portions 77 and 128 
also have titaniunri layers 132 and 134, fomned 
thereon, but the layer 130 has essentially parallel 
sides sharply defined by the edges of the 

40 photoresist layers 77 and 128. 

Placing the substrate 36 in a solvent such as 
acetone removes the photoresist portions 77 and 
128. leaving only the well-defined layer 130 of 
titanium, shown iri Rgure 8D. on the substrate 36. 

45 The layer 130 has a substantially rectangular cross 
section as viewed from the end as in Rgure 8D. 
The substrate 36 with the titanium layer 130 there- 
on is placed in a high temperature oven, as is well- 
known in the art. and baked a time sufficient to 

50 cause diffusion of Ti++ ions into the substrate 36 to 
torn the generally rectangular waveguide 38 shown 
in Rgure 8E. 
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The Polarizer 30 

Referring to Rgures 11 and 12, the polarizer 30 
includes a half coupler 160 that comprises a sub- 
strate 162. preferably fontied of a quartz block 
having a curved groove 164 therein. A length of the 
optical fiber 24 is secured in the groove 164 A 
portion of the substrate 160 has been ground and 
polished down to form a surface 120 that extends 
into the cladding of the fiber 24. The grinding and 
polishing operation removes a portion of the clad- 
ding to form ah interaction region 166. A birefrin- 
gent crystal 168 having optically flat surface 30 is 
mounted to a surface 170 of the substrate 160. In 
the interaction region, the evanescent field of fight 
propagaHng in the fiber 24 interacts with the 
birefrihgent crystal 168. 

if the fiber 24 is a single mode fiber, then the 
only modes propagated are those in Which the 
directions of the electric and maghetib fields are 
approximately perpendicular to the direction of 
propagation of the wav^ through the fiber 24 In 
Figure 11, the vector A represents the dii^ection of 
propagation of light through the fiber 24. and the 
vector 174 reisi-^iits a polanzatiori perpendicular 
to the direistion of prbpagatibn of the light wave. 
Tlie direction of propagation and the peitDelidicular 
polanzation are in the plane of th^ page. TTie dotal 
the vertex of the vectors A and B represents a 
polarization vector parallel to the interface between 
the fiber 24 and the birefrihgent crystal 168 at the 
interacHbn zone 166 and perpendiculai- to the plane 
of the page. 

■nie crystal 168 is ein-anged so that for light 
polanzed perjaeridlcular to the crystal-fiber inter- 
face, the reft:active index of the crystal 168 is less 
than the refractive ihd^x of the fiber 168. Therefore 
light propagating within the optical fiber 24 with a 
polarization perpendicular to the crystal-fiber inter- 
face remains in the optical fiber 24 because of total 
internal reflections at the crystal-fiber interface. The 
index of refraction of the crystal 168 for pblariza- 
tions parallel to the orystal-fibei- inteHace is chosen 
to be greater than the Index of refrdbtion of the 
optical fiber 24 so that light polarized parallel to the 
crystaKfiber interface couples out of the optical 
fiber 24 into the bii-efringent crystal 168. 

The polarizer 30 described herein is essentially 
Identical to the polarizer disclosed in U.S. patent 
4,386.822 to Bergh. 



The Phase Modulator 42. 

Refening to Rgure 9, the phase modulator 42 
includes a pair of electrodes 100 and 102 formed 
on the the lithium niobate chip 36. The electrode 
100 is directly over the waveguide 8. and the 



electrode 102 is laterally displaced from the elec- 
trode 100. A voltage source 104 is connected to 
the electrodes 100 and 102 to form an electric field 
in the waveguide 38. 
s As shown in Rgure .9; the electric field is 

pnmanly vertical in the the waveguide 38 The 
waveguide 38 has a refractive index n = no + m - 
(E). where no is a constant component of the re- 
fractive index and n, (E) is a function of the applied 
10 electric field E. Since the electric field in the 
waveguide 38 is essentially in the vertical direction 
as viewed in Rgure 10. only the vertical component 
of the field affects the refractive index. Changes in 
the refractive of the waveguide 38 cause its effec- 
./6 five optical length to change. Therefore, controlling 
the electnc field provides means for controlfing the 
time required for a light wave to travel in the 
waveguide 38 under the electrode 100. This 
change in transit time may be viewed as a change 
.20 in phase of the wave. Since the phase modulator 
42 modulates the phase of signals polarized along 
«ie crystal principle axis asymmetrically in the 
waveguide 38. only waves polarized along one 
principle axis of the waveguide . 38 are allowed to 
26 enter the.phase modulator 42. . 



The Polarizers 44 and 46 
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.Since the; polarizers, 44 and r 46 are preferably 
essentially identical, only tiie polarizer 44 is de- 
scnbed in detail herein. Referring to Rgure 10 a 
, . metal strip 106 is placed on the lithium niobate 
chip 36 over the waveguide 36. The metal strip 106 
35.,, IS preferat)ly formed of aluminum. A dielectric buff- 
er layer,,112 is placed between the strip 106 and 
the , lithium niobate chip 36; The, polarizer 44 
passes the .horizontally polarized component of In- 
cident light and attenuates ttie vertically polarized 
40v component. 



Polarization Maintainino Rber 



45 



A polarization maintaining fiber has refractive 
indices that differ significantly for different polariza- 
tions. Since the light input to the fiber 16 has 
polanzation components along both of the fiber 
axes, both of these polarizations will propagate in 
50 tiie fiber without mixing together. The polarization 
polarization maintaining fibers 24, 34 and 40 may 
be formed by a variety of techniques described 
subsequently. Since all of the polarization maintain- 
ing fibers may be essentially identical, the subse- 
55 quent description of siich fibers refers, only to tt,e 
fiber 24. ... 
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Since the velocity of light in the fiber 24 is v = 
c/n. where c is the speed of light in a vacuum and 
n is the refractive index of the fiber for the particu- 
lar polarization under consideration, the two po- 
larizations have different velocities in the fiber. The 
slow wave has velocity v^ = c/m. and the fast wave 
has velocity v, = c/n2. where n2< m. 

One type of polarization maintaining fiber has a 
layered core 200 and a surrounding cladding 202 
as shown in Figure 15. The core 200 has different 
refractive indices for waves of different polarization 
so that the propagation constants of the core are 
polarization-dependent. The cladding 202 prefer- 
ably has a refractive index that is less than both of 
the core refractive Indices. The core 200 and clad- 
ding 202 may have refractive indices such that the 
cladding index is greater than one core Index and 
less than the other. Such fibers are sometimes 
called polarizing fibers. Ught incident upon an in- 
terface between two dissimilar dielectrics from the 
material having the greater refractive index will be 
internally reflected If the angle of incidence is less 
than a critical angle. Therefore, the polarization 
niaintaining fiber guides Hght of both polarizations. 
Since the propagation constants of the core are 
different, or non-degenerate, for the two polariza- 
tions, energy does not readily couple between 
them. Therefore, light propagated by the polariza- 
tion mairitaining fiber 24 expidriences no change in 
polarization. 

A core having birefringent properties can be 
synthesized by properly choosing materials for the 
layers 208 and 207 to have particiilar refractive 
indices and by properly choosing the fractional 
tiiicknesses fi arid f2 as shown in Figure 16. Refer- 
ring to Rgure 15, the core 200 is comprised of 
layers 218-220 of a first material and layers 222 
and 223 of a second niaterial having an index of 
refraction different from the first material. The core 
200 may comprise many layers oif the two materi- 
als, but only the five layers 218-220 and 222 and 
223 are shown for convenience of illustration and 
explanation. 

The core 200 is shown to be circular in cross 
section, as in most optical fibers. Tlie materials 
comprising the core 200 and cladding 202 are 
chosen such that the core indices of refraction for 
polarization along the z-axis and the y-axis are 
greater than the index of the cladding 202. There- 
fore, a wave polarized along the z-direction input to 
the fonm fiber 24 will remain polarized in the z- 
direction. 

Unlike ordinary optical fibers, the form birefrin- 
gent single mode fiber 24 will maintain the po- 
larization state of a wave propagating therein. In the 
fiber 24 the difference between the refractive in- 
dices for the two polarizations Is sufficiently large 
that there is a substantial difference between the 



propagation constants of waves having the two 
orthogonal polarizations. The difference between 
the propagation constants eliminates the degen- 
eracy between the polarization states and prevents 
5 waves of one polarization from coupling to the 
other polarization under ordinary conditions. Cou- 
pling of energy between waves requires that the 
waves have essentially the same velocity. If the 
velocities are different, there is no appreciable cou- 
7Q pling between the two states. 

Referring to Rgure 16. a method of fabricating 
a polarization maintaining fiber as shown in Rgure 
15 involves first forming a stack 206 of alternating 
layers of materials 208 and 209 having different 
75 refractive Indices. The stack 206 is heated to fomi 
an essentially monolithic block. The block may 
then be drawn through a succession of dies, or 
otherwise sfretched by methods well-known in the 
^ to reduce its dimensions to values suitable for 
20 use as the core 200. Before drawing, the block 
nriay be ground to form a cylinder in order to 
produce a corei having a circular cross section. A 
cladding having a refractive index less than both 
refractive indices of the core 200 may be added 
2? thereto by any of several standard techniques, 
such as fusing bulk silicon dioxide. SiOz. onto the 
, core, collapsing Si02 tubing onto the core, or by 
reactive deposition of Si02 from a gaseous mixture. 
Ge02(n2 = 1.593) may be used as the high 
^9,- index component and 8102 as the low index com- 
ponent In the stack 206. Both silica and germania 
are used in virtually all single mode and multimode 
fibers because of their low loss and physical com- 
patibility. Combined inhomogeneously with proper 
35 fractional thickness they form the core 20 with both 
Hz and py being large enough to be clad by fused 
silica. 

Well established optical fabrication techniques 
can be used to fabricate the Si02 plates from pure 

40 . bulk SiOa. The GeCfe component may be too thin to 
be formed, by mechanical fabrication techniques. 
The Ge02 layer may be formed by sputtering a 
GeOa filrn oritp an Si02 substrate. The Ge02 layer 
may also, be fonmed by coating the Si02 with a 

46 layer of Ge and oxidizing it to GeOz in a tube 
furnace. 

Other types of high birefringence fiber suitable 
. for use. as the polarization maintaining fiber 24 are 
^ disclosed in the following U.S. Patents: 
so U.S. Patent 4.549.781 Issued October 29. 1985 to 
Bhagayatula et al. for Polarization-Retaining Single- 
Mode Optical Waveguide; 

U.S. Patent 4.529,426 issued July 16. 1985 to 
Pieibel et al. for Method of Fabricating High 
55 Birefringence Fibers; 

U.S. Patent 4.465.336. issued August 14. 1984 to 
Huber et al. for Waveguide and Method of Manu- 
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facturing Same; and 

U.S. Patent 4.561,871 Issued December 31, 1985 
to Berkey for Method of Making Polarization Pre- 
serving Optical fiber. 



Method of Operation 

The benefits of using PM fiber can be realized 
when the PM fiber is used only In the sections of 
the dual fiber optic gyroscope between points A 
and G and A and H. The fiber sensing coil 49 is 
still made of low cost, single mode fiber. Thus, the 
dual fiber optic gyrbscope 20 has the Advantages 
of PM fiber and the low cost of single rhode fiber. 

Referring to Figure 1, light from the SLD 22 (or 
other broadband source) is cbiipled Into the fiber 
24 at point A. The direction of polarizatioii of the 
light output from the SLD 22 is aligned with one of 
the principal axes of the fiber 24 as shown in 
Figure 14. Since the SLD 22 also emits an un- 
polarized optical component some of this un- 
polarized light light is coupled Into the bih^r princi- 
ple axis of the fiber 24. The principal axes of the 
fibers 24 and 29 at point B in the coupler 28 are 
aligned with one another to prevent polarization 
coupling. Coupler 28 preferably cross coiipies 50% 
of the light incident thereon frdrii one of the fibers 
24 and 29 into the other fiber. The signals that 
propagate in the two principal axes to the' polarizer 
30 located at C are uhcorrelated. The sighals are 
decorrelated in the PM fiber 24 between points A 
to C, and there is essentially no crosscoupling 
between points A and C. 

The polarizer 30 passes the vertically polarized 
component of the light signal input thSreto and 
attenuates the horizontal component of light. The 
principle axis of the fiber 24 is oriented at an angle 
of 45'* with respect to the axis of the polarizer 30. 
Essentially all the light leaving the polarizer 30 at 
point 0 is evenly split between the two principal 
axes of the fiber 24. The coi-relatiori between the 
light waves having the two polarizations is greatly 
reduced if the distance between poihts C arid D is 
greater than one depolarization length. The de- 
polarization length is a function of the fiber group 
velocity dispersion and source bandwidth. Ordinar- 
ily the depolarization length is about 12 cm. The 
distance between points C and D may therefore 
be about 25 cm. 

The coupler 32 at point D splits the wave Into 
the clockwise (CW) and counterclockwise (COW) 
waves. The principal axes of the fibers 32 and 34 
at point D of the coupler 32 are aligned, hence the 
correlation between the waves in the principal axes 
is kept low. 



The CW wave passes from the PM fiber 24 to 
at point G to the single mode sensing coil 49. After 
propagafing through the sensing coil 49, the CW 
wave enters the PM fiber 48 at point H. The CW 
5 and CCW waves are essentially unpolarized in the 
sensing coil 49. 

If the dual fiber optic gyroscope 20 were run 
open loop, then the PM fiber would run from point 
H to the coupler 32. As shown in Rgure 1, the 
70 phase modulator, which is polarization sensitive, is 
used for closed loop operation. The PM fibers 34 
and 48 are mounted to the LiNbOa chip 36 at 
points H and F. respectively. The principal axes of 
the PM fibers 34 and 48 are oriented parallel to 
75 .each other and at an angle of 45.** to principal axes 
of the optical waveguide 38. The two polarizers 44 
arid 46 on the chip 36 select the component of 
^ polarizailon along the most sensitive axis of the 
phase modulator. This axis is shown to be the 
20 vertical axis, but the horizontal axis could be sat- 
isfactoriiy used. 

The CW light is polarized at polarizer 46, 
. phase modulated by the phase modulator 42 and 
J injected into the PM fiber 34 at point E , Since the 
25 light is reinjected at 45 " to .the principal axes of the 
fiber 34, both polarization modes are equally ex- 
cited; and the light becomes unpolarized if the 
distance between points D and Els greater than 
one depolarization length. 
30 The CCW light is polarized by polarizer 44, 

phase modulate by the phase modulator 42. and 
injected intp the PM fiber 48 .at point F. The po- 
larization of the light at point F Is at an angle of 45* 
to, the principal ax€fs of the fiber 48. 
^5 ^ the pW propagating light is depolarized if the 
distance between points F and H is greater than 
one depblanzation length. The CCW propagating 
light is Jhjecteci into the single mode fiber sensing 
loop 49 at point H. The CCW wave then propa- 
40 gates to G where it is injected into the PM fiber 24, 
which guides the CCW wave to the coupler 32 at 
point b. the CW and CCW waves are superim- 
posed at point D. The superimposed waves, propa- 
gate to point C where half the light passes through 
45 the polarizer 30. Light that passes through the 
polarizer 30 then propagates to point B where half 
the light is coupled into the fiber 29, which guides 
the signal to a photodetector 90. 

The closed loop dual fiber optic gyroscope 20 
50 system described herein has an additional 9 dB 
loss due to the depolarization-polarization process. 
If the system is run open loop, then the additional 
loss is only 6 dB. 

Refen-ing to Figure - 1. if the phase modulator 
55 42 is of a polarization insensitive type, then the 
polarizers 44 and 46 can be eliminated. In this 
case, the PM fiber 34 may be aligned arbitrarily 
with the axes of the phase modulator 42. The PM 
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fiber 48 from points F to H is eliminated, and the 
single mode filper sensing coil is spliced directly to 
the phase modulator 42. This configuration has an 
additional 6 dB of loss. 

The dual fiber optic gyroscope 20 will also 
function properly as a rotation sensor if one beam, 
e.g. the CW beam is polarized in the sensing coil 
and the other is unpolarized. Refemng to. Rgures 1 
and 14. rotating the fiber 24 so that at point C the 
fiber principal axes are aligned parallel to the axis 
of the polarizer 30 causes the CW beam provided 
to the sensing loop 49 to be polarized. The CCW 
beam will still be depolarized by the module 35 
before the beanri enters the sensing loop 49. The 
CW beam will be depolarized while propagating 
through the fiber 48 and the module 35. Therefore, 
the yyayes that conribinQ in the coupler 30 to pro- 
duce the optical output of the system 10 are un- 
polarized. 

Frequency shifters of both polarization sen- 
sitive and insensitive or nriodel sensitive or insensi- 
tive can be used in place of the phase modulator. If 
a polarization or modal sensitive frequency shifter 
is used, then there exists an additional 9 dB loss. If 
tfie frequency shifter is poiarizatipn or modal Insen- 
sitive, the additional loss is reduced to only 6 dB. 

The following conditions on the lengths of the 
fibers of Figure 1 preferably are satisfied to avoid 
noise due to coherent Fresnel reflections: 
|DG-pE|>L«,,^ 
|EF|>1^; 

|FH|>Leoh: 

I DG-DF I > Lcoh: and ■ 

|PQ.pH|>Uoh, 

. These conditions are easily met in practice 
since the coherence length. Uoh . is about 50 um 
for typical superlumlnescent diodes. 



Claims 

1 . A Sagnac ring rotation sensor that includes a 
length of optical fiber formed in a sensing loop and 
an optical signal source for providing light to the 
sensing loop, characterised by a polarization main-; 
taining module arranged to receive signals from tiie 
optical signal source, the polarization maintaining 
module including: 

means for providing an unpolarized optical clock- 
wise beam and an unpolarized counterclockwise 
beam; and 

means for modulating a predetemiined polarization 
component; 

a coll of non-polarization maintaining optical fiber 
forming a sensing coil connected to the means for 
providing an unpolarized optical clockwise beam 
and an unpolarized counterclockwise beam; and 



means for detecting interference between the cloc- 
kwise beam and the counterclockwise beam to 
measure rotation of the coil. 

2. The rotation sensor of claim 1 wherein the 
5 means for providing an unpolarized optical clock- 
wise beam and an unpolarized counterclockwise 
beam include: 

a length of a first polarization maintaining optical 
fiber having a pair of principal axes; 

10 means for providing an optical signal to the first 
polarization maintaining optical fiber, the optical 
signal having a first linear polarization component 
parallel to one of tiie principal axes of the first 
polarization maintaining optical fiber and a second 

16 linear polarization component parallel to the other 
principal axis; 

a first polarizer that passes light polarized along a 
first polarization axis and attenuates otiier polariza- 
tions, the first polarization axis being oriented at a 

20 45 *» angle to the principal axes of the first polariza- 
tion maintaining optical fiber; 
an optical coupler tiiat couples optical signals be- 
tween the first polarization maintaining optical fiber 
and a length of a second polarization maintaining 

25 fiber, the second polarization maintaining fiber hav- 
ing principal axes that are parallel to the principal 
axes of the first polarization maintaining optical 
fiber, light coupled into the second polarization 
maintaining fiber forming the counterclockwise 

30 beam and light remaining in first polarization main- 
taining optical fiber forming the clockwise beam; 
a third length of polarization maintaining optical 
fiber: and 

an optical waveguide positioned to guide signals 
35 between the second polarization maintaining fiber 
1 and the third polarization maintaining fiber, the op- 
tical waveguide having principal axes oriented at an 
angle of 45 *» to the principal axes of second po- 
larization maintaining fiber. 
40 . 3. The rotation sensor of claim 2 wherein tfie 
means for modulating a predetermined polarization 
component includes: 

a phase modulator for modulating the phase of 
light having a predetermined polarization In the 

45 optical waveguide; 

first polarizing means for polarizing the counter- 
clockwise beam in the optical waveguide such that 
signals incident upon the phase modulator from the 
second polarization maintaining fiber have the pre- 

50 determined polarization: and 

second polarizing means for polarizing the coun- 
terclockwise beam in the optical waveguide such 
that signals incident upon the phase modulator 
from the sensing coil have the predetermined po- 

55 larizatron. 

4. The rotation sensor of claim 2. wherein tiie 
optical waveguide Is formed in a substrate of lith- 
ium niobate» the first and second polarizing means 
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and the phase modulator being mounted on the 
lithium niofaate substrate adjacent the optical 
waveguide with the phase modulator being be- 
tween the first and second polarizing means. 

5. The rotation sensor of claim 1 wherein the s 
sensing loop comprises ordinary single mode, non- 
polarization maintaining fiber. 

6, A method of forming a Sagnac ring rotation 
sensor that includes a length of optical fiber formed 

in a sensing loop and an optical signal source for 70 
providing light to the sensing loop characterised by 
Introducing signals from the optical signal source 
into a polarization maintaining module including: 
providing an unpolarlzed optical clockwise beam 
and an unpolarized counterclockwise beam output 75 
from the polarization maintaining module; and 
means for modulating a predetermined polarization 
component of light in the polarization maintaining 
module; 

corinecting a coil of non-polarizatioh maihtalning 20 

optical fiber as a sensing coil to the polarization 

maintaining module to receive 

the unpolarized optical clockwise beam and the 

unpolarized counterclockwise beam; and 

detecting Interference between the clockwise beam 25 

and the counterclockwise beam to measure rotation 

of the coiL 

V . . . J 

7. The method of claim 6 including the steps 
of : - 

forming the polarization maintaining module to in- 30 
elude a length of a first polarization maintaining 
optical fiber having a pair of principal axes; 
providing an optical signal to the first polarization 
mairrtaining optical fiber, the optical signal having a 
first linear polarization component parallel to one of 35 
the principal axes of the first polarization maintain- 
ing optical fiber and a second linear polarization 
component parallel to the other principal axis; 
placing a first polarizer that passes light polarized 
along a first polarization axis and attenuates other 4o 
polarizations adjacent the first length of polarization 
maintaining optical fiber; 

orienting the first polarization axis at a 45** angle to 
the principal axes of the first polarization maintain- 
ing optical fiber; 

coupling optical signals between the first polariza- 
tion maintaining optical fiber and a length of a 
second polarization maintaining fiben the second 
polarization maintaining fiber having principal axes 
that are parallel to the principal axes of the first so 
polarization maintaining optical fiber, light coupled 
Into the second polarization maintaining fiber for- 
ming a counterclockwise beam and light remaining 
in first polarization maintaining optical fiber forming 
a clockwise beam; 55 
coupling signals from the first polarization maintain- 
ing fiber into an optical waveguide having principal 
axes oriented at an angle of 45*^ to the principal 



axes of second polarization maintaining fiber; 
coupling signals from the optical waveguide into a 
third length of polarization maintaining optical fiber 
and 

modulating the phase bf light having a predeter- 
mined polarization in the optical waveguide. 

a The method of claim 7. further including the 
steps of: 

polarizing the couriterclockwiise beam in the optical 
waveguide such th&t signals incident upon the 
phase rtiodulator from the second polarization 
maintaining fiber have the predetermined polariza- 
tion; 

connecting a loop of optical fiber between the 
optical waveguide and the first polarization main- 
taining optical fiber to provide a sendri^ coil for the 
clockwise beam arid the counterclockwise beam; 

and ' ' ' 

polarizing the counterclockwise beam iri the optical 
waveguide such that Signals incident upon the 
phase modulator from the sensing coil have the 
pi^edetermiried polarization. 

9. The rhethod of clainn 8, including the step of 
fbntiing the optical Waveguide in a substrate of 
lithium hiobate. " 

10. The method of claim of claim 9, further 
including tiie steps of rriounting the first and sec- 
ond polarizing means and the phase rnbdulator on 
the lithium ' hiobate substrate . adjacent th^ optical 
waveguide witii the phase modulator being be- 
tween tile first and second polarizing means. 

11. The method of claim of claini 6 including 
the step of forming the sensing jopp to comprise 
ordinary single mode, non-jDolarizatioh maintaining 
fiben ^ 
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(§) Dual fiber optic gyroscope. 



@ A fiber optic gyroscope includes a sensing coil 
formed of ordinary single mode fiber and a module 
including polarization maintaining optical fibers. A 
clockwise beam guided by a polarization maintaining 
fiber passes through a polarizer before being input 
to the sensing coil. The polarization module includes 
means for providing an an unpolarized counterclock- 
wise beam to the sensing coil and means for phase 
modulating a predetermined polarization component. 



The module also depolarizes the clockwise beam 
after.it has traversed the sensing coll. The clockwise 
and counterclockwise waves are both unpolarized 
when they combine in an optical coupler before 
impinging upon a detector that produces an elec- 
trical signal indicative of changes in the Interference 
pattern to indicate rotation of the coil. 
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